Cs2 Rydberg-ground molecules consisting of a Rydberg, nDJ (33 ≤ n ≤ 39), and a ground state atom, 6S 1/2 (F =3 or 4), are investigated by photo-association spectroscopy in a cold atomic gas. We observe vibrational molecular spectra that correspond to triplet T Σ and mixed S,T Σ molecular states. We establish scaling laws for the ground-state molecular binding energies as a function of effective principal quantum number, and obtain zero-energy singlet and triplet s-wave scattering lengths from experimental data and a Fermi model. The permanent electric dipole moments of the molecules are attained by analyzing line broadening in external electric fields. We find qualitative agreement between measured and calculated magnitudes of the dipole moment. The sign of the dipole moment is predicted to be negative, which differs from previously reported cases.
molecules with lower n, which are in Hund's case (a) [10] , or in a transitional regime between Hund's cases (a) and (c) [8, 9] . Using a Fermi model, we calculate molecular potential energy curvces (PECs), vibrational energies and permanent electric-dipole moments. The latter are found to be negative, indicating destructive interference of the Rydberg-electron wavefunction at the ground-state perturber. This differs from previously studied cases, in which the attractive electron scattering induces positive dipole moments [11] [12] [13] 22] .
The interaction between the Rydberg electron and the ground-state atom is determined by scattering lengths a l (k), related to the scattering phase shifts η l (k) by a l (k) 2l+1 = − tan(η l (k))/k 2l+1 , where k is the electron momentum and l is the scattering partial-wave order (0 or 1 for s-wave or p-wave, respectively). In the reference frame of the Rydberg ionic core, the scattering interaction is [2] ,
where r and Rẑ are the positions of the Rydberg electron and the perturber atom. The full Hamiltonian of the system is [23] , H(r; R) =Ĥ 0 + i=S,TV (r; R)P (i) + A HF SŜ2 ·Î 2 (2) whereĤ 0 is the Hamiltonian of the unperturbed Rydberg atom, which includes the spin-orbit interaction of the Rydberg atom. The second term sums over singlet (i = S ) and triplet (i = T ) scattering channels, using the projection operatorsP (T ) =Ŝ 1 ·Ŝ 2 + 3/4, P (S) = 1 −P (T ) (Ŝ 1 andŜ 2 are the electronic spins of the Rydberg and ground-state atom, respectively). The last term represents the hyperfine coupling ofŜ 2 to the ground-state-atom nuclear spinÎ 2 , with hyperfine parameter A HF S . Numerical solutions of the Hamiltonian in Eq. (2) on a grid of R-values yield sets of PECs. The example shown in Fig. 1 (a) includes plots of the PECs of Rydberg molecules that are asymptotically connected with the atomic 36D 5/2 -state, with the groundstate atom being in either 6S 1/2 F =3 or F =4. The PECs for T Σ for 6S 1/2 F =3 and F =4 are practically identical, while the PECs for S,T Σ are ∼ 10 MHz deeper for F =3 ground-state atoms than for F =4. A similar behavior was seen in Rb [8, 10] and in Cs [13] . The experiment is performed in a crossed optical dipole trap (CODT), which is loaded from a magneto-optical trap (MOT). The CODT density, measured by absorption imaging, is ∼ 10 11 cm −3 , corresponding to atom separations on the order of one micron. This is sufficiently close to our Rydberg-atom sizes and molecular bond lengths (∼ 0.12 µm) that Rydberg-ground molecules can be formed. After switching off the trapping lasers, two counter-propagated 852-and 510-nm lasers (pulse duration 3 µs) are applied to photo-associate the atoms into Rydberg-ground molecules . The frequencies of both 852and 510-nm excitation beams are stabilized to the same high-finesse Fabry-Perot (FP) cavity. The frequency of the 852 nm is 360 MHz blue-detuned from the intermediate |6P 3/2 ,F'= 5 level. The 510-nm frequency is scanned from the Rydberg atomic line to ∼150 MHz below by scanning the radio-frequency signal applied to the electro-optic modulator that is used to lock the laser to the FP cavity. The Rydberg molecules are formed when the detuning from the atomic line matches the binding energy of a vibrational state of a Rydberg-ground molecule. Rydberg atoms and molecules are ionized by electric-field ionization and detected with a microchannel plate (MCP) detector. To observe the dependence of the molecular resonances on F , we prepare the ground-state atoms in either the F =4 or the F =3 level by turning the MOT repumping laser either on or off during the photoassociation pulse sequence. The 510-nm laser frequency can be changed by the fine-structure splitting in order to measure both the (nD 5/2 + 6S 1/2 ) and (nD 3/2 + 6S 1/2 ) molecules.
In Figs. 1(b,c) , we show photo-association spectra of 36D 5/2 + 6S 1/2 Rydberg-ground molecules, for the ground-state hyperfine levels F = 4 ( Fig. 1(b) ) and F = 3 ( Fig. 1(c) ), respectively. Both measured spectra display a pair of dominant molecular peaks, marked with triangles. They correspond to the vibrational ground (ν = 0) states in the outermost wells of the shallow ( S,T Σ) and deep ( T Σ) PECs shown in Fig. 1(a) , which all arise from s-wave scatting. The deep, T Σ PEC corresponds with a pure triplet state of the Rydberg electron and the 6S 1/2 ground state atom. The two S,T Σ PECs correspond with mixed singlet-triplet states and have a reduced depth, which roughly is in proportion with the amount of triplet character in the molecular states. The binding energies of the * Σ ν = 0 states are extracted from Gaussian fits to the measured molecular peaks, allowing us to determine 
Signal (arb.units) the line centers with uncertainties on the order of 1 MHz.
We have obtained the photo-association spectra for all combinations of J and F , for n = 33 to 39. In Fig. 2 we show the results for the case n = 36. The T Σ, ν = 0 and S,T Σ, ν = 0 states are well-resolved and allow for accurate comparison of level energies between experiment and theory. It is seen that the T Σ, ν = 0 levels, marked by solid vertical lines, do not depend on F . Since the PECs for the measured states are largely due to s-wave scattering, the ratio of the binding energies of the T Σ, ν = 0 levels between J = 3/2 and J = 5/2 is approximately given by the square of the ratio between the Clebsch-Gordan coefficients J, m j = 1/2|m ℓ = 0, m s = 1/2 , with J = 3/2 or 5/2, and with magnetic quantum numbers m j , m ℓ and m s for the coupled, orbital and electron spins of the Rydberg electron, respectively. For D-type Rydberg-ground molecules in Hund's case (c), the binding-energy ratio is ℓ/(ℓ + 1) = 2/3, which is close to the binding-energy ratio evident in For quantitative modeling of the singlet and triplet s-wave scattering length functions a T s (k) and a S s (k), we have measured the binding energies of the states T Σ, ν = 0 and S,T Σ, ν = 0 for n = 33 to 39 for both values of F , for the more deeply bound fine structure component J = 5/2. The results, listed in Table I , are fitted with allometric functions ∝ n * b , with effective quantum number n * and exponent b (see last row in Table  I ). The exponents b Exp. are concentrated around −5.60 (with one exception), which differs significantly from the value of −6 that one would expect from scaling based on just Rydberg wave-function density. The deviation of b from −6 may be attributed to the fact that at lesser n the molecules are less deep in Hund's case (c) than at higher n. This may diminish the binding of the J = 5/2 molecules at lower n and lead to a reduction of the magnitude of b Exp. . A dependence of configuration mixing of the Rydberg-electron state in the molecules as a function of n may also play a role.
The data in Table I are employed to determine swave scattering lengths via comparison with model calculations. The procedure is similar to the one described in [10] . The calculations yield best-fitting s- TABLE I . Measurements of binding energies of S,T Σ, ν = 0 and T Σ ν = 0 states of (nD 5/2 + 6S 1/2 F ) Rydberg-ground molecules, for F = 3 and 4 and 33 n 39. The binding energies are fit with allometric functions an * b , with effective quantum number n * and exponents b. In the last two rows we show fitted exponents bExp. and b T heor. . Table I ) that are generally close to the experimental values b Exp. . There is one exception for the PEC with the smallest binding energies, which is least accurate.
A widely recognized feature of Rydberg-ground molecules is their permanent electric dipole moment, d, arising from configuration mixing induced by the embedded ground-state atom. In molecules with low-ℓ character the mixing is usually quite small, with the notable exception of Cs S-type molecules, where the quantum defect allows strong mixing with trilobite states [12] . In the present case, admixture of odd-ℓ to nD J states results in d-values with magnitudes on the order of 5 to 10 ea 0 .
The values of d i,ν , with index i denoting the PEC and ν the vibrational state, can be measured via line broadening of the respective molecular peaks in an applied weak electric field, E. For electric-dipole energies, −d i,ν · E, that are much smaller than the molecular binding energy, the vibrational spectral line is inhomogeneously broadened about its center by a square function of full width 2d i,ν E/h in frequency. This model applies if the moment of inertia of Rydberg molecules is very large and rotational structure cannot be resolved (our case). The square profile that arises from the electric dipole moment and molecular alignment is then convoluted with a Gaussian profile that accounts for laser line broadening, electric-field inhomogeneities, magnetic fields etc. The Gaussian profile is experimentally determined by fitting field-free molecular lines. Convolution of the square profile with a Gaussian with known standard deviation σ f then yields an overall profile as a function of detuning ∆f from the line center,
As the electric field E has been calibrated using Rydberg Stark spectroscopy, the only unknown in this equation is (2) to obtain the PECs, and we determine the corresponding vibrational energies and their vibrational wavefunctions, Ψ i,ν (R). The calculation also yields the electronic adiabatic dipole moment along the internuclear axis, d i,z (R). The d i,z (R) follow from the spherical-basis expansions of the electronic basis states and known dipole moments between pairs of such states. The permanent electric dipole moment is then given by the expectation values of d i,z (R) over the vibrational wave function densities [23] ,
For the T Σ, ν = 0 states we find d i,ν values ranging between -4.85 ea 0 at n = 33 and -4.60 ea 0 at n = 38. The calculations agree with the measurements to within a factor of two.
To understand the deviation, we note, i) the current measurement method does not reveal the sign of the molecular dipole moment. ii) the molecular lines also exhibit a line shift due to atomic polarizability, which can be calculated from first-order perturbation theory (as long as the shifts are less than the molecular bind-ing). In the previously-studied case of S-type molecules, the atomic line shift simply is −αE 2 /2, where α is the atomic DC electric polarizability. The situation is more complex for D-type molecules, because their electronic states are superpositions of atomic basis states with magnetic quantum numbers ranging from m J = −3/2 to +3/2, which have well-known but different atomic polarizabilities due to tensor polarizability, α mJ . The atomic line shift reflects an average that involves m J -dependent weighting factors that follow from the electronic state of the Rydberg-ground molecule. The average must be taken after rotating the molecular electronic wave function from the molecular into the laboratory frame, which is defined by the applied electric field. It is expected that the atomic line shift depends on i, ν, and θ (θ is the angle between electric field and internuclear axis). Estimates show that the expected atomic level shift is positive, according to the overwhelmingly negative signs of the atomic polarizabilities, and on the order of the shift due to the permanent molecular dipole moment. We believe that the convolution between atomic and permanentdipole shifts explains why our measured dipole moments appear about a factor of two too large. Detailed modeling that includes the effect of tensor atomic polarizability may be conducted in the future.
We finally note that, interestingly, the calculated electric dipole moments of nD J -type cesium Rydberg-ground molecules are negative. This differs from reports elsewhere, on other types of Rydberg-ground molecules, where electric dipole moments are found to be positive. Negative dipole moments signify destructive interference of the Rydberg-electron wavefunction near the groundstate perturber. We have confirmed this by calculations of electronic wavefunctions, which indeed show a deficiency of probability near the ground-state perturber, in accordance with a negative permanent electric dipole moment.
In summary, we have observed Cs nD Rydberg-ground molecules involving Rydberg-state fine structure and ground-state hyperfine structure. Measurements of the binding energies for T Σ(v = 0) and S,T Σ(v = 0) molecular vibrational states were modeled with calculations. We have measured permanent electric dipole moments with magnitudes of ∼ 10 ea 0 . Calculations show that the dipole moment is negative, unlike previously reported cases. Future work may elucidate the origins of this unexpected behavior, as well as the exact role of tensor atomic polarizability. 
